Résumé -Dolomies hydrothermales présentes dans les carbonates de la plate-forme albienne précoce (Crétacé ; NO de l'Espagne) : nature et origine des dolomies et des fluides dolomitisantsLa présente étude décrit les variations temporelle et spatiale des signatures pétrographiques et géochimiques des corps dolomitiques liés aux failles dans les régions de Ranero et El-Moro (vallée de Karrantza, montagnes cantabriques ; NO de l'Espagne). Ces corps dolomitiques se trouvent dans les carbonates albiens, déposés dans le bassin Basque-Cantabrique suite à une subsidence intense liée au rift comportant un système de failles associé suivant des orientations diverses. Des circulations de fluides ont généré des dolomies de remplacement et de cimentation, paragénétiquement suivies de divers ciments calcitiques. Des travaux de pétrographie, minéralogie et géochimie (DRX, ICP, XRF, isotopes stables de O/C et du Sr) ont aidé à distinguer les étapes hydrothermales. Deux faciès majeurs de dolomies ont été observés selon leur teneur en Fe. Les dolomies précoces sont ferrifères et remplacent le calcaire de façon plus significative que les dolomies non-ferrifères tardives. Les dolomies sont généralement stoechiométriques (de 49,76 à 51,59 % en moles de CaCO 3 ) et présentent une large plage de valeurs de δ 18 O (de -18,7 à -10,5 ‰ V-PDB), ce qui pourrait indiquer une dolomitisation à phases multiples et/ou des degrés différents de recristallisation. Les valeurs de δ 18 O décroissantes se trouvent en corrélation avec la diminution de la teneur en Fe dans les dolomies. Dans la région de Ranero, les dolomies présentent des valeurs de δ 13 C légèrement moins réduites (de -0,15 à + 2,13 ‰ V-PDB) que la signature de δ 13 C du calcaire hôte, tandis que ces valeurs sont nettement plus réduites dans la région de El-Moro (jusqu'à -2,18 ‰ V-PDB). Les calcites hydrothermales antérieures à la dolomitisation présentent des valeurs de δ 18 O moins réduites (de -14,15 à -12,1 ‰ V-PDB) que la calcite post-dolomitisation (-18,1 ‰ V-PDB). Les données isotopiques du Sr suggèrent une interaction entre les fluides et les lithologies silicoclastiques (grès, schiste). La texture dolomitique est altérée de façon variable par la dédolomitisation et la déformation cataclastique. La dolomitisation s'est produite en au moins deux épisodes principaux. Un premier épisode de dolomitisation envahissante ferrifère résulte probablement d'une déshydratation de compactage des fluides du bassin de la dépression Basque proche et de l'écoulement de fluide hydrodynamique le long des failles/fractures dans la plate-forme de carbonates albienne. Par la suite, un second épisode de dolomitisation très chaude et locale peut être relié à l'activité magmatique et au flux de convection.
INTRODUCTION
Pervasive dolomitisation has been linked with various processes in diverse geological settings (Warren, 2000; Machel, 2004) . Presently, various models have been proposed by a large number of workers (Adams and Rhodes, 1960; Badiozamani, 1973; Machel and Mountjoy, 1987; Cervato, 1990; Braithwaite et al., 2004 , Nader et al., 2004 , 2007 Zhao et al., 2005; Davies and Smith, 2006) . Dolomite related to faults and/or fractures indicate tectonic control on the dolomitisation process but dolomite distribution also depends on the nature of host rock.
Recent integrated studies suggest that hydrothermal dolomite exists in many forms and likely to be far more common than previously thought (Berger and Davies, 1999; Moore, 2001; Cantrell et al., 2004; Nader and Swennen, 2004; Davies and Smith, 2006; Nader et al., 2009; Lopéz-Horgue et al., 2010; Ronchi et al., 2010; Conliffe et al., 2010) . Besides a few cases of stratiform hydrothermal dolomites, these usually occur as fabric destructive, stratadiscordant cutting across host limestone and concentrated along major faults (Wilson et al., 1990; Nader et al., 2004; Gasparrini et al., 2006; Lopéz-Horgue et al., 2010; Shah et al., 2010; Swennen et al., in press) . Some of the known oil (Ghawar, Saudi Arabia; Cantrell et al., 2004) and gas (North field, Arabian Gulf; Sudrie et al., 2006) carbonate reservoirs consist of porous dolomites, which are probably partly hydrothermal in origin. It is important to understand this particular dolomitisation process, which may be of major economic importance.
The present study concerns momentous dolomite exposures in early Albian (Cretaceous) platform carbonates in Northwest Spain. It aims at deciphering the mechanism and extent of dolomitisation and their relationship to the regional tectonic scenario, and to determine the nature and origin of the dolomitising fluids. Such aspects were not substantially discussed yet. For this purpose, petrographic and geochemical studies were carried out in two sites (Ranero and El-Moro, north western Spain). Hence, additional understanding of the exposed dolomites in the study area and their dolomitising fluids is presented in this paper.
LOCATION AND GEOLOGICAL SETTINGS
The study area is part of the Basque Cantabrian Basin (BCB), which hosts the only onshore Ayoluengo oil field discovered in north-western Spain (Abeger et al., 2005) . The study area is bounded by Basque and Asturian massifs in the east and west, while the Bay of Biscay and Tertiary Ebro/Duero basins mark the northern and southern boundaries respectively (Fig. 1a) . The studied sites, Ranero and El-Moro areas are located at the border of Basque country and province of Cantabria (NW Spain), near the town of Ramales (Fig. 1b) . 
Tectonic Evolution
In the BCB, two periods of fault-controlled regional subsidence (from middle Triassic to middle Jurassic and early to late Cretaceous) occurred (Rat, 1959; Pujalte, 1977; Garcia-Mondéjar, 1989; Olivet, 1996; Lopéz-Horgue et al., 2010) . Besides regional subsidence, three major tectonic events are reported in the BCB: -Permo-Triassic rifting stage; -Late Jurassic-Early Cretaceous rifting and opening of Bay of Biscay; and -Eocene-Oligocene Pyrenean orogeny.
The BCB formed by the Late Jurassic tectonic extension between the European and Iberian plates, which resulted in the opening of the Bay of Biscay and caused the deposition of a thick Cretaceous sedimentary sequence (Boillot and Malod, 1988; Malod and Mauffret, 1990; Olivet, 1996) . Later on, the Iberian plate rotated back northward and collided with the European plate during Campanian to Maastrichtian time (Gibbons and Moreno, 2002) . During the Early Cretaceous rifting period, BCB underwent NNE-SSW direction of simple stretching perpendicular to the axes of the main NW-SE structural trend (Montadert et al., 1979; Grimaud et al., 1982; Boillot and Malod, 1988; Malod and Mauffret, 1990) . Later on, this NNE-SSW direction of simple stretching changed to NW-SE direction as the simple extension was replaced by left lateral strike-slip motion along the main NW-SE faults as evidenced in the study area (Ranero and Güenes faults). This change in the direction is linked to the anticlock-wise rotation of the Iberian plate with respect to European plate and spreading in the western part of the Bay of Biscay (Montadert et al., 1979; Boillot and Malod, 1988) . Trans-tensional movements along these NW-SE oriented faults produced oblique slip and pull-apart basins, where thick sediment accumulation took place.
The study area and its surroundings encompass various tectonic features, which include NW-SE oriented (Güenes and Ranero faults), N-S oriented (Ramales fault), E-W oriented (Arredondo and Hornijo faults) as well as other small scale NE-SW directed faults and fault splays, indicating the extensional history (Fig. 1a) . In the study area, dolomite bearing, left-lateral Ranero fault is believed to be the splay of NW-SE oriented oblique-slip Güenes fault, formed during Early-Mid Albian Aranburu et al., 1994) . So, these NW-SE oriented faults are related to Early Cretaceous rifting in the BCB (Grimaud et al., 1982; Boillot and Malod, 1988; Olivet, 1996) . The N-S oriented Ramales fault is a basement rooted listric fault (García-Mondéjar and Pujalte, 1975) , while the E-W oriented Arredondo and Hornijo faults (Early-Mid Albian) post-date NW-SE oriented faults and fractures (García-Mondéjar, 1985) .
Lithostratigraphy
In the study area, the Aptian carbonates are mostly shallow marine, while early to mid-Albian carbonates change from shallow marine to reefal facies and show deltaic conditions (sandstones and lutites) in the upper most part ( Fig. 2 ; Rosales, 1995) . Four sequences bounded by unconformities occur in the Albian stage, which include early to late Albian platform to slope carbonates (basinward equivalent to marls), carbonate breccia and siliciclastic deposits (Fig. 2, 3 ) (García-Mondéjar et al., 2005) . The Aptian-Albian carbonates in the study area mostly consist of rudist limestones accumulated in places and exhibit rapid changes of lateral facies into siliciclastic sediments, while warm and wet climatic conditions are indicated by the presence of reefal faunas, lack of evaporitic deposits, common storm deposits and frequent fossil wood in deltaic facies (García-Mondéjar, 1990; Rosales and Pérez-García, 2010) . The study area mostly comprises early-to late-Albian platform to slope carbonates and shallow to deep-marine siliciclastics in the basinal regime, while dolomitisation being mostly restricted to early Albian carbonates (Fig. 2, 3 ) Rosales and Pérez-García, 2010) .
Four main stratigraphic units are recognised, which include the Sopeña and Ranero in the platform region, while La Escrita (lower half of Valmaseda Formation) and Río Calera units occur in the vicinity of the deep and shallow basinal areas (Aranburu, 1998; Lopéz-Horgue, 2000; Rosales and Pérez-García, 2010) . The Sopeña and Ranero units consist of shallow marine carbonates and are stratigraphically correlated with Ramales Formation in the Ramales area . Towards the south, basinal marls, shales and siltstones of Río Calera unit onlap these shallow marine carbonates (Sopeña and Ranero units), unconformably overlain by shallow marine siliciclastics of La Escrita unit (Fig. 3) . Laterally, the Río Calera and La Escrita units can be correlated with Ranero and Sopeña units, respectively Rosales and Pérez-García, 2010) . The short distance between the platform carbonates and the basinal deposits suggests the formation of an intra-platform trough rather than a deep basin (GarciaMondéjar, 1996) . Platform to slope carbonate successions show two major carbonate depositional systems, which include early Albian aggradational steep-sloping platform and late Albian low-gradient widespread carbonate bank development separated by a regional unconformity ( Fig. 3 ; Rosales and Pérez-Garcia, 2010) .
During late Albian and Turoninan stage, at least 50 m sea-level fall in the study area and its surroundings resulted in development of a paleokarst system (García-Mondéjar, 1990; Lopéz-Horgue et al., 2010) , hence formed metre-scale cavities (due to dissolution in limestone and localised in joints) that were filled by shallow marine sandstones (García-Mondéjar, 1990 Figure 2 Stratigraphic column for the Ranero and its surrounding areas, northwestern Basque-Cantabrian basin, showing the main facies of four Urgonian sedimentary sequences. The ore bodies are restricted to dolomitised unit (modified from Rosales and Pérez-Garcia, 2010 and Lopéz-Horgue et al., 2010) . system, hydrothermal karstification is also observed in the study area. These two karst systems show distinct characteristic features, which helped in their recognition (Bosák, 1998; Aranburu et al., 2002; Swennen et al., in press ).
METHODS
Aerial photographs helped in delineating brown to dark-grey colored dolomite bodies in the light grey colored host limestone (Fig. 4) . Systematic sampling was carried out across the dolomite bodies. Each sample represented certain dolomite facies and/or host limestone in the Ranero and El-Moro areas (Fig. 4) . Rock slabs and thin sections were stained with Alizarin Red S and potassium ferricyanide (Dickson, 1966) Po zal agu a Qu arr y Geochemical analyses of the selective rock phases and whole rock samples were obtained by means of X-Ray Fluorescence (XRF) and Inductively-Coupled Plasma Optical Emission Spectrometry (ICP-OES) depending on the amount of material available from micro-drillings and/or plugs. In total 250 samples were analysed by ICP-OES, and 128 samples by XRF in École des Mines, Saint-Étienne. XRF analysis was performed with a SRS3400 spectrometer, using glass discs/pressed pellets for major/trace elements, respectively. ICP-OES analysis is performed on a JI Activa sequential device using acid solutions prepared by HF digestion. Both analytical routines are calibrated against geostandards. Coupling these techniques is effective in overcoming the main drawback of each one, i.e. sensitivity for minor and trace elements by XRF (below 0.1% and 10 ppm) and reproducibility by ICP-OES (5%).
Stable isotope analyses (δ 18 O and δ 13 C) of 275 selected samples of different dolomite types, calcite cement and host limestone were carried out in the Department of Geology, University of Erlangen, Germany and Département Géologie, Jean Monnet Université, Saint-Étienne (Tab. 1). All stable isotope values are reported in per mil (‰) relative to Vienna Pee Dee Belemnite (V-PDB) by assigning a δ 13 C value of + 1.95‰ and a δ 18 O value of -2.20‰ to NBS19. The carbonate powders were reacted with 100% phosphoric acid (density > 1.9; Wachter and Hayes, 1985) at 75°C in an online carbonate preparation line (Carbo-Kiel -single sample acid bath) connected to a Finnigan Mat 252 massspectrometer. Dolomite isotopic composition values are corrected by fractionation factors given by Rosenbaum and Sheppard (1986) . Based on replicate analysis of laboratory standards, reproducibility is better than ± 0.02‰ for δ 13 C and ± 0.03‰ for δ 18 O.
Fifteen Sr isotope analyses of the selected dolomite samples were performed at the Scottish Universities Environmental Research Centre in Glasgow. These analyses are used to reveal radiogenic influence that may have changed the original Sr isotope signature of the carbonates. Carbonate samples were leached in 1M ammonium acetate prior to acid digestion. Calcite was digested in 1M acetic acid, and dolomite in 6M HCl. Sr was separated in 2.5M HCl using Bio-Rad AG50W X8 200-400 mesh cation exchange resin. Total procedure blank for Sr samples prepared using this method is < 200 pg. In preparation for mass spectrometry, Sr samples were loaded onto single Ta filaments with 1N phosphoric acid. Sr samples were analysed on a VG Sector 54-30 multiple collector mass spectrometer. A 88 Sr intensity of 1 V (1 × 10 -11 A) ± 10% was maintained and the 87 Sr/ 86 Sr ratio was corrected for mass fractionation using 87 Sr/ 86 Sr = 0.1194 and an exponential law. The VG Sector 54-30 mass spectrometer was operated in the peakjumping mode with data collected as 15 blocks of 10 ratios. For this instrument NIST SRM987 gave 0.710260 ± 11 (1 SD, n = 17) during the course of this study. The representative analytical data are given in Table 1 . 3 RESULTS
Field Observations
The Ranero and El-Moro/El-Mazo study areas are separated by the Karrantza valley (Fig. 4) . In both areas, dolomite bodies can easily be differentiated by their dark grey color as compared to off-white host limestone (Fig. 5a ). In the eastern sub-area (Ranero), different outcrops were studied namely a dolomite occurrence in the Pozalagua quarry, called "quarry" (Fig. 5b) , a 15-20 m thick dolomite body along the Ranero fault (sometimes also called Pozalagua fault) called "fault" (Fig. 5c ), inter-fingered dolomite body in the limestone called "front", a road side cataclastic limestone cemented by dolomite (called "breccia") and a > 20 m thick vein dolomite called "vein" (Fig. 5d) . In the western sub-area (El-Moro), a 30 m thick dolomite body was studied at three different locations (MO-I to MO-III) to understand the vertical variations in the same dolomite body (Fig. 6a) , exposing fault-related features (striations) along with white colored calcite (MO-III section, Fig. 6b ). The two next dolomite bodies (MO-IV and MO-V) occur in the central part of the El-Moro area, while a few others (MO-VII and MO-VIII) outcrop in the valley between El-Moro and El-Mazo areas (Fig. 4, 6a) . Dolomite bodies studied in the western extremity of the El-Moro area include MO-IX and MO-X (Fig. 4, 6c) . Mostly, these dolomite bodies are yellowishbrown to dark grey, crumbly weather colored and restricted to faults and fractures and exhibit more than 1 km linear extension. Besides, lateral distribution of these dolomite bodies are also evident (~500 m) in some localities of the study area.
Fault-related dolomite bodies are generally oriented N-S, NW-SE and NE-SW. They show variation in their textural distribution across the fault as dolomitisation can range from saddle dolomite in and around faults and fractures to pervasively dolomitised margins and considerably massive dolomitised bodies (Shah et al., 2010) . Dolomite veins also existed in the host limestone as their density decreases away from the main dolomite body. Besides various phases of dolomite, white to transparent calcite mostly occurs along the borders of the dolomite bodies in the study area.
Excellent dolomite exposures in the Pozalagua quarry site show different diagenetic phases (dark to light grey, brown to yellowish, pinkish and milky white to light pink) and hence may confirm the repetitive expulsion of dolomitising fluids along the Ranero fault (Swennen et al., in press ).
Diagenetic (Micro) Facies
The present study only focuses on dolomitisation events in the host limestone, since the early limestone diagenesis has been described in detail by Lopéz-Horgue et al. (2009 and and Rosales and Pérez-Garcia (2010) . Various calcite and dolomite phases were distinguished on the basis of excellent exposures and petrographic studies. These include: cavity-filling calcite cement (CC-I and CC-II); medium to coarse crystalline dolomite (CCD-Ia and CCD-Ib); coarse crystalline saddle dolomite (CCD-II); White Calcite cement (WC) and Transparent Calcite (TC). Bed parallel and an oblique generation of stylolites were observed in host limestone. The oblique stylolite system was also seen in the calcite and dolomite phases. CC-II calcites record various episodes of fracture activation, while brecciation of late stage dolomite (CCD-II) is also reported before the emplacement of White Calcite cement (WC). Further brief description of each calcite and dolomite phase is given below.
Cavity-Filling Calcite Cements (CC-I and CC-II)
In the study area, cavity-filling, bladed calcite cement (CC-I) developed along the borders of the cavities of the host limestone and the crystals are oriented towards the centre of the cavity, while coarse crystalline calcite (CC-II) filled the remaining cavity except the central part, which may be filled by late stage dolomite and/or calcite (Fig. 7a) . Such calcite (CC-I and CC-II) filling is restricted to host limestone. Microscopic observations of the samples collected from the Pozalagua area show bladed and coarse crystalline early calcite cement (CC-I and CC-II), which occur in contact with host limestone (Fig. 7b) . The bladed calcite (CC-I), usually 300 μm to a few millimetre in diameter, possesses a dull red luminescence. The CC-I crystals are elongated and pointed towards the coarse crystalline, non-luminescent calcite (CC-II; Fig. 7b ). In contrast to the Pozalagua area, the early cavityfilling calcite (CC-I and CC-II) has only been observed in a few locations of the El-Moro area (MO-I, III and VII). Oblique stylolites have been observed in the cavity-filling calcites (CC-I and CC-II), hence indicating their formation prior to regional burial according to the burial curve of Lopéz-Horgue et al. (2010) . 
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Medium to Coarse Crystalline Dolomite (CCD-Ia and CCD-Ib)
In the breccia zone, fault reactivation resulted in brecciating the limestone into clasts, with medium to coarse crystalline dolomite (CCD-I) surrounded these clasts while open spaces are filled by White Calcite (Fig. 7c) . These medium to coarse crystalline dolomites (CCD-I) mostly consist of alternating bands of various colors (brown, grey and white) and Fe-rich layer bordering the walls of the vein and open cavities (Fig. 7d) . Microscopically, they appear as medium to coarse crystalline, nonplanar interlocking dolomite crystals. The CCD-I dolomites occur in almost all the studied sections and post-date cavity filling, coarse crystalline calcite (CC-I; Fig. 7e ). They are further sub-divided into Fe-rich, dark colored, dark orange (in CL) rimmed saddle dolomite (CCD-Ia) and grey colored, dull luminescent saddle dolomite (CCD-Ib), which terminate in interstitial pores (Fig. 8d, e) . Selective dedolomitisation of the Fe-rich part of the coarse crystalline dolomite (CCD-Ia) is observed. These pore spaces are filled by very coarse to coarse crystalline, pore filling dolomite (CCD-II), which also replaces CCD-I, locally. Pyrite (now often oxidised) occur in the pores and along the fractures and in the stylolites present in CCD-I (Fig. 7f) .
Coarse Crystalline Saddle Dolomite (CCD-II)
Milky white to light pink colored coarse crystalline saddle dolomite (CCD-II), usually plugs the cavities in CC-II and cross-cut host limestone and CCD-I (Fig. 7a, d ), sometimes replacing CCD-I. On the basis of cross-cutting relationship, CCD-I pre-dates CCD-II, hence formed during a first dolomitisation stage (Fig. 7d) . It is also observed that CCD-II post-date all the dolomite phases in the quarry site (Fig. 7d) . The termination of dolomite event is marked by the deposition of pyrite along the borders of CCD-II (Fig. 8a) . Microscopic observation revealed that such late stage dolomitisation consist of coarse to very coarse crystalline nonplanar and dull luminescent saddle dolomite (CCD-II). Such dolomite mostly occurs as vein-and/or fracture filling and does not alter the host limestone, but can replace CCD-I dolomite (Fig. 8b) . Such dolomite phase was best exposed in the Pozalagua quarry site.
Coarse Crystalline, Pore-Filling White Calcite Cement (WC)
After the dolomitisation event, further cataclastic deformation (brecciation) resulted locally in the breakdown of dolomite into clasts, shortly after filling of open spaces by coarse crystalline, pore and vein-filling White Calcite (WC; Fig. 8a ). Petrographic studies show distinct crystal twinning behavior of these coarse crystalline calcite, indicating exposure to tectonic stresses (Swennen et al., in press) . CL studies of these pore-filling, White Calcite (WC) revealed dull-luminescence and formed after the dolomitisation stage (usually surrounds broken dolomite fragments). White Calcite (WC) is widespread in all the studied sites (Fig. 8c) .
Medium to Coarse Crystalline, Transparent Calcite (TC)
Transparent to dirty white calcite (TC) usually occur as latest pore-and vein-filling phase. Microscopically, medium to coarse crystalline, pore-filling Transparent Calcite (TC) exhibits non-luminescence. Such calcite is quite common and mostly responsible for reduction/destruction in porosity as it occludes open spaces in dolomite (Fig. 8d) . Besides this, dedolomitisation of coarse crystalline dolomite (CCD-I) is mostly associated with this calcite.
Replacive Dolomites (ZD and DS)
Beside the above stated dolomite cements, dolomite also occurred as a replacement product of the host limestone in zebra and in pockets of layered, pink sucrosic rocks interpreted as dolomitised internal sediments (DS) of a cave system (Fig. 9a, c) . Zebra Dolomites (ZD) mostly consist of inter-layered planar to nonplanar, fine to medium-crystalline dolomite matrix and nonplanar, coarse crystalline dolomite cement phases, giving zebra-like texture (Fig. 9b) . Zebra Dolomites mostly occur next to faults and fractures adjacent to the fault, quarry, breccia and vein sections but they were not observed in the front section in the Ranero area. In the ElMoro area, Zebra Dolomite is not as common as observed in the Ranero area and was only identified in MO-I and MO-II sections. Dolomite Sand (DS) consists of medium to coarse crystalline, nonplanar dolomite, clays and pyrite (Fig. 6f) . These rocks display a laminated texture at the hand specimen scale and invariably contain much more silicate impurities that the other dolomites (up to 2% Al 2 O 3 ; Tab. 1 and Nader et al., in press ). Silicates (illite, chlorites) are grouped with pyrite in the residual space between dolomite crystals. This lithotype is best exposed in the quarry site as paleo-cavity filling dolomites and more difficult to identify in the other places.
MVT-Type Mineralisation
MVT-type mineralisation (Galena-Barite and SphaleriteGalena) was also observed near the studied sites. Galena-Barite mineralisation is observed in one single vein from the Ranero area, within a marly carbonate host (slope facies). SphaleriteGalena mineralisation is absent in the Ranero area, but present by places in El Moro area; it is always hosted in CCD-I dolomite bodies. Primary sphalerite-galena mineralisation is rarely preserved, but it seems to predate or to be coeval with CCD-I dolomite; secondary mineralisation including smithsonite (bright blue colored in CL; Fig. 9d ) and Pb-rich calcites is more frequently observed in El Moro area, but it clearly postdates dolomite. 
Stoichiometry and Geochemical Attributes
In order to know the mineralogical and chemical characteristics of the identified dolomite and calcite phases, X-ray diffraction studies as well as geochemistry of major and trace elements were carried out. Dedolomitisation, as an example of diagenetic processes, is also favored by nonstoichiometric dolomites (Dorobek et al., 1993; Nader et al., 2008) . For this purpose, initially X-ray diffractometry was used to determine the stoichiometry of the selected dolomite phases. All the dolomite samples analysed exhibit sharp diffraction peaks. The d104 spacing is quite constant and ranges between 2.8863 and 2.8912 Å. These d104 spacing values correspond to a Ca content between 50.1 and 51.7 mol%, hence exhibited stoichiometric behaviour (Lumsden, 1979) .
Major and Trace Elements
Various dolomite facies are grouped on the basis of their major and trace element contents. FeO contents in various dolomite phases helped in categorising them into ferroan (> 0.2%) and non-ferroan (< 0.2%; Fig. 10a, b) . Fe-rich dolomite mostly coincide with the initial phase of pervasive, medium to coarse crystalline saddle dolomite (CCD-I), which is further sub-divided into CCD-Ia (Fe-rimmed; ~1% Fe) and CCD-Ib (band-filling; ~0.5% Fe). The FeO-contents in coarse crystalline, vein-and fracture-filled, non-ferroan dolomite (CCD-II) ranges from 0.2% to 0 (Fig. 10a, b) . The crossplot δ 18 O vs FeO shows contrast between Fe-rich dolomite (CCD-Ia and CCD-Ib) and non-ferroan dolomite (CCD-II). In the Ranero vein section, Fe-rich dolomite (CCD-Ia and CCD-Ib) is abundant, while non-ferroan dolomite is rare. On the other hand, both the Fe-rich and nonferroan dolomites are reported in all the other studied sites (plateau, fault, front, quarry and breccia; Fig. 10a ). Dedolomitisation almost selectively affects the ferroan rich dolomite in the Ranero front section. Galena-Barite vein is associated with the non-dolomitised limestone near the Pozalagua quarry.
In the El-Moro area, pervasive, ferroan dolomite and veinfilling, non-ferroan dolomite occur in all the studied sections (Fig. 10b) . However Fe-rich, medium to coarse crystalline dolomite (CCD-I) largely dominates in the western part (Moro I to III and Moro IX-X sections). In the central and eastern part (Moro IV-V, Moro VII-VIII and El-Mazo), both the ferroan and non-ferroan dolomite phases are present. Galena-Sphalerite and the secondary Zn-Pb mineralisation are mostly observed in the central part of the El-Moro area within ferroan dolomite bodies.
The Fe-and Mn-contents are proportional to each other in the studied dolomites (Ranero and El-Moro areas), hence Ferich dolomite (CCD-I) shows high Mn-contents as compared to non ferroan dolomite (CCD-II; Fig. 10c, d) . Besides, dolomites containing substantial amounts of Zn shows high Mn-contents and is ferroan (Fig. 10f) . In the Ranero area, ferroan dolomite exhibited negligible Zn mineralisation, while in the El-Moro area show high Zn-contents are reported from the western (MO I-II-III and MO IX-X) and central parts (MO IV-V), while the eastern part (MO VII-VIII and El Mazo) appears to be less affected by Zn mineralisation (Fig. 10e, f) . Zn-rich dolomite samples are also Fe-rich and are particularly prone to dedolomitisation.
Stable Isotopes
In the studied sites, various dolomite facies show broad range of depleted δ 18 O values (-18.0 to -10.0‰ V-PDB), while their δ 13 C values (0.0 to + 2.0‰ V-PDB) are close to the range of reported carbonates precipitating from early Albian seawater i.e., 0.0 to + 4.0‰ V-PDB (Veizer et al., 1999) . However compared with the analysed limestones from our study area, which exhibit values of + 3.0 ± 1.0‰ δ 13 C, the dolomites show relatively depleted δ 13 C values, which may indicate a possible external source of carbon during dolomite precipitation (Fig. 11a, b) or a temperature dependent fractionation effect. In order to explain depleted δ 18 O values, it has been well documented that precipitation of dolomites from hot fluids leads to relatively depleted δ 18 O compositions (Land, 1983) . The analysed host limestone also shows considerable depletion in their δ 18 O values (-17.10 to -4.5‰ V-PDB), which may be due to recrystallisation by hot fluids. Cavity-filling calcite cements (CC-I and CC-II) show almost the same distribution of depleted δ 18 O (-14.02 to -10.06‰ V-PDB) and δ 13 C (+ 0.53 to + 1.99‰ V-PDB) values in Ranero and El-Moro (Fig. 11a, b) . The Fe-rich coarse crystalline dolomite (CCD-I) show less depleted δ 18 O values (-16.35 to -12.05‰ V-PDB) as compared to nonferroan dolomite (-19.25 to -16.60‰ V-PDB), indicating different temperature of dolomitising fluids or/and involvement of a different fluid (Fig. 11a, b) . Vein-and pore-filling calcite (WC) shows highly depleted δ 18 O values (-20.10 to -16.05‰ V-PDB; Fig. 11a, b) . In the Ranero area, carbonates associated with Galena-Barite mineralisation show similar MM Shah et al. / Hydrothermal Dolomites in the Early Albian (Cretaceous) Stable isotope geochemistry. δ 18 O vs δ 13 C crossplot showing depletion in δ 18 O and δ 13 C values in both the studied sites and a slightly more depleted δ 13 C in CCD-II from the El-Moro area.
δ 13 C values as host limestone, indicating a buffered system, but the depleted δ 18 O values indicate involvement of hot or depleted dolomitising fluids (Fig. 11a) .
It is noteworthy that dedolomitised facies show less depleted δ 18 O values and highly depleted δ 13 C values. Dedolomitised samples represent intimate mixtures between dolomite and calcite. In these samples, δ 13 C depletion increases with calcite abundance, generating a mixing line whose depleted end-member is isotopically similar to Transparent Calcite (TC, Fig. 11a ). This strongly suggests that the dedolomitisation process is coeval with Transparent Calcite deposition and involves surface-derived fluids contaminated by soil-CO 2 . In the El-Moro area, SphaleriteGalena associated dolomites show less depleted δ 18 O (-13.99 to -3.11‰ V-PDB) and δ 13 C values (-5.58 to -0.58‰ V-PDB), which corresponds to its association with dedolomitised rim in the Fe-rich dolomite as stated in the previous section (Fig. 11b) .
Strontium Isotopes
The 87 Sr/ 86 Sr versus δ 18 O cross plot (Fig. 12a) (Fig. 12b) during burial conditions prior to the formation of tectonic stylolites.
DISCUSSIONS
The NW-SE trending Pozalagua fault and other fractures, related to early Cretaceous (early Albian) rifting, appear to have been activated through sinistral strike-slip motion, followed by hydrothermal activity during late Albian to Turonian times (Thiébaut et al., 1988; Aranburu et al., 1994; Schärer et al., 1999; Lopéz-Horgue et al., 2010; Swennen et al., in press ). The elevated homogenisation temperatures of various dolomite phases (i.e., 170 to 200°C) and burial history of the study area supported their hydrothermal origin Lopéz-Horgue et al., 2010; Shah, 2011) . The fact that the dolomite bodies are associated to faults indicates a tectonic control on the dolomite distribution ( Fig. 5, 6 ; GarciaMondéjar, 1996; Lopéz-Horgue et al., 2005 Gasparrini et al., 2006; Shah et al., 2010; Swennen et al., in press) . Various dolomite phases are believed to have formed due to the circulation of Mg-rich dolomitising fluids along faults/fractures, hence invoking multiple pulses of these fluids (Swennen et al., in press ).
Chemistry of Dolomitising Fluids
Dolomite and calcite phases in the Ranero area show a broad range of depleted δ 18 O values, while δ 13 C values indicate slight shift from those of the analysed nearby host limestone. In the El-Moro area, relatively less dispersion in terms of δ 18 O values and similarly depleted δ 13 C values are observed (Fig. 11a, b) . The highly depleted δ 18 O values may either be due to increase in temperature or/and 18 O-depleted fluids. The slight shift in δ 13 C of dolomites with respect to the host limestone can be explained by the slight temperature fractionation of 0.03‰ per degree Celsius (Emrich et al., 1970) . The estimated salinity of the primary inclusions of these dolomite facies are three to four time greater than seawater (12-21 eq. wt% NaCl; Shah et al., 2010) . This piece of information together with the observed presence of sulphate phases (Bustillo et al., 1992) (Leach et al., 2005) . However some depleted values can also be possibly explained by contamination with calcite (TC) in the analysed samples ( Fig. 11a, b ; Emrich et al., 1970) ; this latter cement (i.e. TC) having a relatively depleted δ 18 O signature.
Two episodes of dolomitisation resulted in ferroan dolomite (CCD-I) and non-ferroan dolomite (CCD-II). The origin of the hypogene karstification before Fe-rich dolomitisation is unknown, but one possibility could be "cooling of formation waters" (Giles and de Boer, 1989) . Two possible sources of dolomitising fluids may be proposed, which include: -permo-triassic siliciclastics, and -deep basinal deposits.
Although permo-triassic siliciclastics acted as good aquifer for the fluid migration in other parts of the world, but the burial history shows much lesser ambient temperature (López-Horgue et al., 2010) as observed in the fluid inclusion studies (Shah et al., 2010) . This eliminates siliciclastics of the permo-triassic age as possible source, hence dolomitising fluids originated from deep basinal deposits. So, Initial episode of Fe-rich dolomitising fluids may have liberated from the adjacent basinal deposits and resulted in precipitation of CCD-I. For the second episode of dolomitisation, the circulating fluids exhibited very high temperature as evidenced by the T h values of the fluid inclusions (explaining also the highly depleted δ 18 O). In the Pozalagua quarry, the circulation of such high temperature fluids along faults/fractures which could be associated with flexuring in the Aptian-Albian limestone due to the presence of diapiric structures in the area (López-Horgue et al., 2010) , succeeded in the formation of CCD-II. It can be speculated that such dolomitising fluids may be related to different sources, such as igneous activity and convective flow induced by the high temperature magmatic activity (Shah et al., 2010; Swennen et al., in press) .
Sr isotope analyses indicate that the calcite and dolomite phases contain radiogenic signatures, which is evident by the clear shift from the marine early Cretaceous signatures (Fig. 12a) . Most of the dolomite phases possess a signature that varies from 0.70820-0.70850, which conclude that dolomitising fluids may have interacted with radiogenic lithologies (sandstones and shales) during late Albian intense tectonic activity, confirming the results of Bustillo et al. (1992) (Fig. 12b ).
Dolomite Distribution and Variations
Dolomite bodies are widely observed in the Ranero area, where pervasive dolomitisation extended more than 1 km along the Pozalagua fault and as much as 500 m wide in the north-western part of Ramales platform. Such extensive distribution of dolomite bodies in the Ramales area is believed to be due to the prior development of paleo-karsts as observed in the Pozalagua quarry. In contrast to this, dolomite bodies in El-Moro area are strictly confined to faults and fractures that developed at the platform edge to basin transition, and exhibits little vertical and lateral extension. Besides the variation in size of dolomite bodies in the Ranero and El-Moro, other remarkable contrasting features are: -relatively broad range of δ 18 O values in the Ranero area as compared to El-Moro area; -Galena-Barite mineralisation observed in the Ranero area, while Sphalerite-Galena mineralisation is restricted to some parts of the El-Moro areas; -in the El-Moro area, host limestone shows higher δ 13 C values as compared to Ranero area; -dedolomitisation is frequently found in both the studied sites, hence telogenetic processes can possibly can explain their formation. Finally, it is worth stressing again that Ranero area exhibits a larger volume of dolomites, mainly associated to the Pozalagua fault. While an earlier phase of dolomitisation (Fe-rich, originated due to compactional fluid flow) has been documented in this paper and interpreted as pervasively affecting the Ramales Platform, the later phase of dolomitisation (Fe-poor, associated to a thermal anomaly) appears to mainly affect the Ranero fault area.
Mechanisms of Dolomitisation
The Basque trough is an irregular graben-like feature developed adjacent to the Ramales platform (study area), where more than 8 500 m thick shales, sandstones and marls accumulated during upper Valanginian-late Cenomanian (Gibbons and Moreno, 2002) . During burial, compactional dewatering may have resulted in hydrodynamic fluid flow along the NW-SE and NE-SW trending faults existing adjacent to the basin-platform margins (Vicente-Bravo and Robles, 1995) . According to Bustillo et al. (1992) , the dolomitising fluids originated in the NE of the basin from the mudrocks situated in the deeper part of the basin, where trapped sea water may have provided the Mg-rich fluids for dolomitisation. These hot, compactional fluids (120-200°C; according to Shah, 2008 and Lopez-Horgue et al., 2010) pervasively dolomitised the host limestone. During the burial of sedimentary basin and later hydrodynamic fluid flow, permeable carbonate platform limestones and faults/fractures control the extent of dolomitisation (Qing and Mountjoy, 1989) . Such pre-requisites as permeable carbonate platform limestones, faults/fractures and paleo-karsts are present in the study area. The presence of linear (fracture-controlled) dolomite bodies supports the idea that the dolomitising fluids migrated and spread through the sedimentary pile along such discontinuities (Shah et al., 2010) .
Hydrothermal Diagenesis and Dolomite Formation
Although a generalised paragenetic sequence was established in part of the study area on the basis of field observations, petrographic studies and stable isotope analyses (Shah et al., 2010) , the present study involved a larger set of data including geochemical analyses allowing the elaboration of a detailed paragenetic sequence of the various dolomite and calcite phases and some more information about their spatial distribution (Fig. 13) . Non-ferroan dolomite were formed at relatively high temperature as indicated from fluid inclusion studies (Shah, 2008; Lopéz-Horgue et al., 2010) . Fault reactivation resulted in brecciation of non-ferroan dolomite, creating voids that were later on filled by White Calcite Proposed paragenetic sequence observed in the two studied sites (Ranero and El-Moro). Note that the red lines indicate events occurred during late diagenesis in the Albian carbonates.
(WC). Calcitised, non-luminescent part of CCD-I represent less depleted δ 18 O and depleted δ 13 C values (Fig. 11a, b) , likely formed near meteoric recharge (Choquette and James, 1988; Niemann and Read, 1988; Meyers, 1991; Reeder, 1991) .
Cavity-filling calcite (CC-I and CC-II) represented an initial stage of hydrothermal activity prior to dolomitisation and showed less depleted δ 18 O values compared to original marine signatures of Albian limestones (Fig. 11) . The first episode of dolomitisation (CCD-I) resulted from the influx of Fe-rich dolomitising fluids along reactivated faults/fractures, which regionally replaced the host limestone and calcite (CC-II) in particular, as was observed in the vein section. The process of replacement is evidenced by irregular (interfinguring) contacts between host limestone and dolomite. Fe-rich dolomite (CCD-I) seems to contain Sphalerite-Galena mineralisation. Similar observations have been reported from the Réocin Zn-Pb deposits, situated NW of the study area (Symons et al., 2009; Velasco et al., 2003) . SphaleriteGalena associated dolomite phases in the Réocin area resulted in precipitation of Fe-rich dolomite in internal sediments and in open spaces (sulphide deposition). This resembles with the Dolomite Sands (DS) in the study area. Zebra Dolomite (ZD) resulted from the replacement of host limestone. The second episode of dolomitisation (CCD-II) exhibits local scale vein-filling dolomites, which showed replacement of pre-existing dolomite (CCD-I). In contrary to CCD-I, non-ferroan dolomite (CCD-II) does not alter the host limestone substantially.
CONCLUSIONS
Field observations of the hydrothermal dolomites in the early Cretaceous basin-to-platform carbonates (Karrantza valley, NW Spain) including the development of a paragenetic sequence based on cross-cutting relationships, petrography, geochemical studies and isotope analyses resulted in the following conclusions: -hydrothermal processes include (in paragenetic order) calcite precipitation (CC-I and CC-II), followed by two distinct dolomite facies (ferroan and non-ferroan dolomite), and post-dolomite calcite (WC) precipitation. -pervasive dolomitisation resulted from the circulation of basinal fluids, which likely evolved from the shales and clays situated in the deeper part of adjacent basin (Basque trough). NE-SW and NW-SE oriented faults and fractures provided pathways for fluids to dolomitise the early Albian carbonates. Second phase of high temperature, localised dolomitisation may be related to igneous activity and convective flow affecting mainly the Ranero area.
